Particle sizes are usually nonuniform, and agglomeration of individual particles often occurs.12 Thus the effect of particle size on optical and other properties is obscured.
In recent papers we reported an alternative method to stabilize well-defined semiconductor clusters that are much smaller than those typically formed by classical colloidal techniques. Selenium species and cadmium sulfide ensembles were encapsulated in the crystalline pore structure of zeolite matrices.'3J4 In this paper we present a structural study of closely related cadmium selenide clusters stabilized in zeolite Y . These clusters are composed of a few atoms only that strongly interact with the zeolite host such that their bonding must be considered completely distinct from that of the bulk solid and typical semiconductor clusters. The size domain of the intrazeolite CdSe ensembles compares with that of species produced in gas-phase molecular beam studies. However, the interaction with the zeolite allows us to stabilize these CdSe species in condensed phase at ambient conditions. We observed similar stabilization effects with palladium atoms in zeolites X and Y." Colloidal The constraints provided by the rigid, crystalline aluminosilicate framework of a zeolite offer a considerable improvement in size definition over other preparative environments. Zeolites consist of corner-sharing A104 and S O 4 tetrahedra connected such that well-defined cavities and channels are formed (see Figure 1 ). Other metal cations can be introduced by ion exchange of the sodium ions present in the original material. The intrazeolite location of these cations is limited to sites close to framework oxygens that can fulfill the coordination requirements of the cation in question, as shown in Figure 1 for zeolite Y . Sodalite subunits are connected via six-ring windows to form the large supercages In this paper we illustrate the complementarity of powder X-ray diffraction (XRD) and X-ray absorption spectroscopy (EXAFS). Both techniques have been applied to the elucidation of the structure of CdSe loaded into zeolite Y. Synchroton radiation has opened up exciting new possibilities in all aspects of powder diffraction. The high peak to background ratio and excellent resolution enable a well-resolved pattern to be collected in about 12 h. The simple peak shape and high resolution allow deconvolution of the powder pattern for structure determinations22 or application of the profile method devised by R i e t~e l d .~~ Consequently, the past 2 years has seen a rapid increase in the number of problems being tackled by this technique.24 Several molecular sieves have recently been investigated by high-resolution synchrotron X-ray d i f f r a c t i~n .~~ The technique is particularly useful for the determination of ion siting in zeolites where the framework structure is already known.
EXAFS recently emerged as a technique to determine number and types of neighboring atoms, interatomic distances, and mean square deviations of neighboring atom positions about equilibrium values. It is possible to obtain this information selectively for different types of the constituent atoms in the materia1.26z27 Since the structural information derived from EXAFS data does not rely on long-range order in the sample, EXAFS studies have played an important role in structural studies of noncrystalline systems such as heterogeneous catalysts2* and biologic materials.29 A zeolite host-guest system may represent a long-range/shortrange order composite, whose short-range order part of the guest species eludes structural determination with diffraction methods. We have used this technique extensively as a local structural probe for the ligand environment of metal ions in zeolites,30 formation of semiconductor clusters in zeolites,I3 ligand substitution and redox reactions of zeolite-adsorbed Ni(C0)4,31 and intrazeolite surface reactions of iron cyclopentadienyl carbonyl species.32 EXAFS allows one to differentiate the coordination environment of different elements located at crystallographically equivalent coordination sites. In combination, Rietveld refinement of powder diffraction data determines the statistical occupancy of the atoms in crystallographically defined positions, while EXAFS yields crucial information on bond formation by monitoring the local environment of the absorber atoms.
Experimental Section
The Cd samples were prepared by a standard ion-exchange procedure. The starting material was commercial zeolite LZY-52. NaY (10 g) was slurried into 1000 mL of distilled water. The pH was adjusted to 5, and an appropriate amount of cadmium nitrate to yield stoichiometries as listed below was added. The slurry was stirred overnight at room temperature, filtered, and washed. Drying was completed by heating the sample to 673 K in flowing oxygen followed by brief evacuation as the sample cooled to room temperature. Hydrogen selenide gas was passed over the dried zeolites for 1 h. The color of the sample changed from white to orange-yellow. A final evacuation was accomplished at 323 K before storage under an inert atmosphere in a glovebox. Chemical analysis (Galbraith Laboratories) revealed the following composition of the unit cell: CDY, Cd(l8.3)Na(19.4)A1(56)Si(136); CDSE1, Cd-(17.2)Se(l1.4)Na(21.6)A1(56)Si(136); CDSE2, Cd(5.9)Se(4.8)Na-(44.2)A1(56)Si( 136). Extended X-ray absorption fine-structure (EX-AFS) analysis was carried out on all three samples, and X-ray diffraction (XRD) was carried out on sample CDSEI.
X-ray Absorption Spectroscopy. EXAFS experiments were carried out at the X-1 1A beam line at the Brookhaven National Synchrotron Light Source with a stored electron energy of 2.5 GeV and ring currents between 40 and 130 mA. Data of the Cd K-edge (2671 1 eV) and Se K-edge (12 657.8 eV) were collected in transmission using a Si(400) crystal monochromator. The ionization chambers were filled with Ar (Io) and Kr (I).
The CdSe-loaded zeolite samples are moisture sensitive and consequently were sealed in a 1:l dodecane/octadecane mixture under an inert atmosphere. They were kept under nitrogen until the EXAFS measurements were carried out. This procedure was found reliable for excluding air ~ontamination.~~ Data collection was done at liquid nitrogen temperature, scanning up to 1500 eV above the absorption edge. At least two scans per sample (20 min) were taken.
The sample thickness was calculated to give an absorption step between 0.7 and l and a total absorption of <2. The data were analyzed with the EXAFS program developed at the University of Washington (30) following published procedure^.^) Background removal was accomplished by using a cubic spline function. The resulting EXAFS modulations were weighted by k3 ( k , electron wave vector) and then Fourier transformed (FT) over a k range of 2-12 (A-]). Data of reference and unknown were treated identically to avoid artifacts. The inner potential Eo did not exceed the range +3 to -3 eV. Powders of CdS, CdSe, Se metal (all amorphous), and PdO were used as reference materials. EXAFS reference parameters were extracted as follows: the first neighbor shell of PdO was used (a) as reference for a Cd-0 coordination sphere in the unknown sample and (b) the second coordination sphere Pd-0-Pd in PdO served as reference for a secondshell Cd-0-Cd contribution. Phase transferability can be assumed for case (a) since the phase functions of Pd and Cd are very similar, smooth functions. Amplitude transferability in case (b) is limited due to oscillating backscattering amplitude functions of Pd and Cd with slightly shifted maxima and minima. However, with the uncertainties of the structural data (AN = 130%, AR = 10.02 valuable information can be extracted. CdS provided reference data for the Cd to Si/A1 neighbor contribution from the zeolite framework. The potential minor errors introduced by the use of the sulfur scatterer in the first shell of this compound as reference for a second-shell Cd-O-Si interaction were considered acceptable. The CdSe sample provided reference data for the selenide and cadmium scatterer since it was examined at both edges. Selenium powder served as reference for the Se-Se scattering contribution on the Se absorption edge. Crystallographic data of the reference compounds and information about Fourier transform regions as applied in the fit procedures are listed in Table I .
Geometric model calculations for cadmium arrangements in the zeolite framework have been carried out based upon crystallographic data for fa~jasite)~ and bond distances for the cadmium entities from our EXAFS results. Three-dimensional drawings were obtained with the C H E M~D program (CSC, Cambridge).
Powder Synchrotron X-ray Diffraction. High-resolution X-ray powder data were collected for CDSEl on the powder diffractometer at beam line X-13A at the Brookhaven National Synchrotron Light Source. A perfect Ge( 11 1) crystal scattering in the horizontal plane was used to monochromate the incident X-ray beam. The sample and LiF(400) analyzer crystal scatter vertically. For a full description of the diffractometer geometry at X-13A see ref 36. The wavelength was determined to be 1.53668 by calibration with a Si standard. The sample was packed into a flat aluminum holder sealed with thin beryllium foil to exclude moisture, and data were collected by step-scanning from 5 O to 73O in intervals of O.OIo for periods of 2-10 s. Longer counting times are required at larger scattering angles to counteract the falloff in the form factor. The sample container was rocked 2' at each data point to reduce the effects of preferred orientation. To monitor the incident beam intensity, an ion chamber filled with nitrogen was placed before the sample. The beam size was 2.5 X 1 mm in the horizontal and vertical directions, respectively. The intenstiy at the sample position was 1O'O photons/s for a storage ring current of 100 mA.
The structural refinement was carried out by using standard profile refinement techniques. The initial normalization of the data was performed with programs available at Brookhaven, and for structural refinement a modification of the original Rietveld program was employed. This program incorporates the Voigt peak shape description that is essential for analysis of powder patterns collected with the two-crystal configuration at X-13A." The extraframework material was revealed by standard Fourier methods.
Results of the EXAFS Analysis
T h e experimentally observed EXAFS modulations contain information about the local environment of the intrazeolite Cd(I1) ions that is complementary to our X-ray powder diffraction results. By absorption of X-rays exceeding the binding energy of a core electron, photoelectrons a r e ejected from the absorber atom. T h e photoelectrons a r e backscattered from neighboring atoms to t h e absorbing atom, thereby producing a n interference pattern of the absorption coefficient. It follows that each spectrum is a superposition of contributions of different coordination shells around the C d absorber. To extract information about t h e atoms of unknown samples taken on the Cd absorption edge, while Figure  8 and 9 show EXAFS modulations for those of the corresponding Se absorption edge.
Sample CDSE1. A comparison between the cadmium-exchanged zeolite CdY ( Figure 3E ,F) and the samples treated with hydrogen selenide gas shows that major changes occur in sample CDSEl ( Figure 3A,B) . Thus we will begin the analysis by examining this sample first. The Fourier transformation ( Figure  3B ) shows three overlapping backscatterer contributions. Normal Fourier filtering and curve-fitting techniques are difficult in this case, because the resulting x functions will always be composed of more than one coordination shell. On the other and, a three-shell fit over the whole data range would involve at least nine variables to account for the bond distance ( R ) , number of neighbors (N), and deviations from the Debye-Waller factors (Aa2) in each shell. If the potential distribution of Cd(I1) over different framework positions is considered, it is clear how demanding such an analytical approach would be. We have therefore used a difference-file-technique, which has been employed successfully by Koningsberger et al. on similar complex systems.38
The "precursor" sample CDY was previously analyzed by utilizing EXAFS and is discussed in detail in a recent pub1i~ation.l~ It was found that four Cd2+ ions occupy SI' cation positions in the sodalite cages and that they are bridged by oxygen in adjacent SII' six-ring sites, thus forming small Cd404 cubes. Sample CDSEl was prepared by treating a similar Cd(I1) zeolite with H2Se gas at room temperature. Since the selenium reacts with cadmium, the sample is expected to differ from the Cd(I1) zeolite in its overall appearance primarily by an additional selenium shell. If the FT spectra of both samples ( Figure 3B,F) are compared, a new peak at -2.3 8, (uncorrected) in CDSEl appears due to the selenide in this system. This assignment is further justified by the striking similarity in phase function and location in R space to that of the reference sample CdSe ( Figure 2D ). The first and third peaks of CDSEl result primarily from the oxygen and %/AI scatterer of the zeolite framework. Subtraction of the selenide component from the original file separates the two remaining shells and allows fitting of single shells. For the calculation of the Cd-Se scatterer pair, the unknown parameters for the selenide neighbors were derived from CdSe and adjusted until a difference file resulted that was similar to the Se-free CDY sample. The resulting difference file is shown in Figure 4A . The separation into two shells is now visible, but a remnant remains at -2.2 8,.
Assuming only minor overlap of this residue with the first major peak, a backtransformation was applied to this difference file, using a narrow window of 1.3-2.1 8,. A fit was only possible with two different oxygen scatterer distances at 2.26 and 2.39 8, ( Figure   5A ; final fit results are listed in Table 11 ). A broader window of 1.3-2.4 A including the remnant was subsequently used with an additional Cd-O shell, applying the previously obtained values.
As can be seen in Figure 5B , the x function now has a different envelope due to the small amount of the additional scatterer present. In a third step, a backtransformation on the shell at -3 8, in the difference file was applied between 2.4 and 3.3 A. A fit with CdS as reference for the presumed Cd-Si/Al neighbors and a small amount of a Cd-0-Cd scatterer was performed ( Figure 5C ). Finally, all parameters, accounting in total for six different bond distances to four different types of scatterer, were used on the whole data file between 1.3 and 3.3 A. Only minor adjustments on the values derived from the separate single-shell fits were necessary to obtain the result shown in Figure 5D . A very good fit is achieved considering the complexity of the sample. The results are listed in Table 11 . The fit shows good agreement with the original sample, as confirmed by comparison of the respective FT on the calculated file ( Figure 7A ). Its magnitude and imaginary part are very sensitive to incorrect assignments of scattering neighbors. Since a cadmium-selenium pair is identified in the above analysis, it has to be present with a similar bond length when the sample is examined from the selenium ed e. The raw x data and their Fourier transformation (2.6-15.9 1 ) are shown in Figure   9A ,B. The similarity of these data to the cadmium selenide reference ( Figure 8A the fit described above, and additional Se-Se at 2.39 8, ( Figure  10A ). The agreement between the independent analyses on both absorption edges makes the formation of cadmium selenide fragments unquestionable. Sample CDSEZ. Sample CDSE2 contains only 6 Cd2+/uc and a higher Se/Cd ratio (about 1:l). The Cd EXAFS data are quite different from those of CDSEl (see FT in Figure 3D ). The intensity of the peak at -3 A initially assigned to Si/Al is much larger than that of CDSEI, while a S e contribution at -2.3 A is decreased in intensity and much broader, indicating a higher degree of disorder. An approach similar to that described above was used to solve the structure of this sample. After a calculated contribution for Cd-Se is subtracted, the FT of the difference file (see Figure 4B) is very similar to that of CDY ( Figure 3F) A fit of the first shell of this difference file (1.3-2.1 A) again results in two different bond distances for oxygen at 2.27 and 2.42 8, (see Figure 6a) . The shell at -3 A, when fitted only considering a Si/Al contribution (Figure 6B) , results in a very high number of neighbors (12.5 uncorrected), which is chemically unreasonable. It follows that there must be an additional con-,-. tribution to this peak, similar to that found for CDY. A fit including a Cd-Cd shell is shown in Figure 6C . This results in 2.6 Cd neighbors contributing to this peak and brings the number of Si/A1 atoms in the second shell down to 6.3 (uncorrected), a value expected for a cation close to a zeolite six-ring cation position.
A fit over the data range between 1.3 and 3.3 A was obtained with these values and is shown in Figure 6D . The final values are listed in Table 11 .
The presence of Se-Se scattering in the selenium-edge data of this sample is striking (Figure 9C,D) . In CDSE2, the average Se-Se contribution at 2.37 8, amounts to 2 neighbors as compared with only 0.7 neighbors in sample CDSEl. In contrast, in sample CDSEl the Se-Cd contribution at 2.60 8, (2.1 Cd/Se) is higher than that in CDSE2 (0.9 Cd/Se) (see Figure 10B) . The excellent agreement of Cd-Se bond distances obtained from Cd-and Seedge data illustrates the reliability of the structural data obtained.
Results of Powder Synchrotron X-ray Diffraction
The observed, calculated, and difference profiles for sample CDSEl are illustrated in Figure 11 . The refined atomic and profile parameters are given in Table 111 with selected bond lengths in Table IV . An excellent refinement was obtained, which is reflected in the small value of 2.
The refined structure shows a zeolite framework that is essentially unchanged from the parent sodium zeolite Y. The average T-0 bond length (1.64 A) is in good agreement with that expected for a zeolite of this Si/Al ratio (2.61). Space group Fd3m (origin at center) was used throughout the refinement, which assumes a random distribution of silicon and aluminum in the tetrahedral position, and a suitable scattering length was calculated based on the Si/Al ratio. The powder peak shape could be accurately described by the convolution of Gaussian and Lorentz 2570 J. Am. Chem. SOC., Vol. 111, No. 7, 1989 functions-the Voigt function. No asymmetry could be detected in the low-angle reflections.
While the overall framework is as expected, there are small variations in the individual T-0 bond lengths. These are rationalized in terms of the approach of the cations to the framework oxygen. The sodium cations are located a t SII, trigonally coordinated to three framework oxygen atoms. This has been found to be the most energetically favorable site for odium.)^ The Cd2+ is located primarily at SI'. This site, within the sodalite unit, is preferred by multivalent cations because some of the high charge density can be compensated by hydroxyl anions at SII' also in the sodalite unit. The cadmium at SI' has a pseudooctahedral coordination resulting from trigonal coordination to framework oxygens of the six-ring (which is part of the double six-ring interconnects of the zeolite Y structure) with a bond length of Cd(l)-0(3) = 2.41 8,. and the three SII'atoms, Cd(l)-0(5) = 2.42 8,. O(5) represents a site jointly occupied by Se and oxygen, and hence the Cd(l)-0(5) bond length is a weighted average of Cd-0 and Cd-Se. Remaining electron density, detected in the difference Fourier synthesis, was found in the twelve-ring window and assigned to Cd(2). This site, SIII, is bound to two framework oxygen atoms a t 2.70 and 2.74 8, and nonframework atoms, designated I Se(l) and 2-3 O(6). The many disordered sites present in this region make unequivocal assignment of the scattering density difficult, and thus the information gleaned from EXAFS is of paramount importance. The total cadmium content based on the occupancy of these two positions is 16.6, in good agreement with that found from chemical analysis (17.2).
Discussion
The evaluation of Cd-and Se-edge EXAFS data combined with X-ray powder diffraction results offers detailed insight into the structural features of the new zeolite-stabilized CdSe phases. The highquality fits obtained with both methods support the following interpretation: Several different phases exist in the samples. In CDSEI the major fraction is composed of cadmium cations in adjacent SI' positions bridged on average by two extraframework oxygen ions in SII' sites and one additional selenium ion in SII' sites. The second phase cansists of Cd ions, present in the IZ-ring windows of the large cavities (Slll) coordinated to extraframework oxygen and one selenium. In sample CDSE2, the sodalite unit does not contain Se but is composed of Cd,(O), "cubes". Cd-Se bonds are formed by a small fraction of CdSe clusters, which to an even smaller amount may also be present in sample CDSEI .
Furthermore, Se helical chains appear to be present, in particular in sample CDSE2. This model is based upon the following arguments.
Cadmium Positions and Coordination to Zeolite Oxygen. As extracted from the EXAFS data, the combined presence of oxygen in the first shell and Si/AI neighbors in the second shell for both samples indicates that Cdz+ ions must be located close to the framework. This was confirmed by the Rietveld analysis, which detected 70% of the cations coordinated to three zeolite oxygens (SI') and 30% at SIII sites in sample CDSEI. The Cd-02 bond distance of 2.39 8, derived from EXAFS data is attributed to SI' ions, which is in excellent agreement with the XRD results (2.41
A). The high occupancy in the sodalite six-rings also explains the large number of Si/AI neighbors detected with EXAFS. In sample CDSEI, a second. longer Cd-0 bond distance was detected with both methods (EXAFS, 2.58 8,; XRD, 2.70 8,) and assigned to C d 4 Z in SI11 sites by XRD. Data from both methods exclude the occupancy of cadmium ions in the double six-rings (SI).
CadmiumCadmium Interactions. Due to the high multiplicity of equivalent sites in the zeolite structure, XRD refinements can only provide average population values. In contrast, EXAFS results yield evidence for /oca/ cluster formation in the zeolite cages. However, a mixture of different phases will also result in average values of coordination numbers. The local correlation Coordination to Extraframework Species. Extraframework oxygen atoms (05). presumably from water or hydroxyl anions remaining after the degassing procedure, were found by both methods. Oxygen atoms with a Cd-0 bond distance of 2.26 8, resemble those previously found in sample CdY which were part of a Cd,(O), cube arrangement in the sodalite." Sample CDSEI. In this sample the coordination number for Cd-0 at 2.26 8, is about half of that expected for a complete cube arrangement (expected for 70% Cd located in sodalite cage: N = 3 X 0.7 = 2.1; found: N = 1.4). In addition, the small Cd-Cd interaction (N = 0.4) is not sufficient to account for a complete cube arrangement. According to the XRD results, the cadmium cations are located in SI' positions and the 02-ions in SII' positions. This indicates the formation of oxygen-bridged dimers Cd,O,. As discussed earlier for the XRD experiments, the electron density located in the sodalite was labeled 0(5), even though it is most likely due to oxygen and selenium. On the basis of the form factor for oxygen, the occupancy was calculated to be 28.9/uc. Since Cd202 dimers would account for only I I .4 oxygens, the remainder is assigned to selenium ions (0.4 Se per sodalite cadmium), detected by EXAFS with a bond distance Cd-Se of 2.60 8,. Thus, on average, the sodalite units contain two cadmium ions occupying SI'poitions, bridged by two oxygen ions in SJJ' positions. An additional selenium atom in SII' is bound to one cadmium atom (see Figure 12A,B) . This arrangement can be considered as a modified fragment of the Cd404 cube found in CdY.
The remaining Cd-Se interactions are assigned to Cd in SI11
(Cd-0 = 2.58 A), coordinated to one Se with Cd-Se = 2.62 A.
Small amounts of CdSe clusters may further be present in this sample. Sample CDSEZ. As discussed above, in CDSE2 the amount of Cd-Cd scattering is consistent with a complete Cd404 cube arrangement similar to that in CdY. In this sample the Cd(I1) cations in SI' positions are bridged by oxygen in SII' positions to form a cube-like cluster as depicted in Figure 12C ,D. Distances between Cd-Cd and Cd-O(5) were set to values obtained from the EXAFS analysis of this sample. The high values for the coordination numbers for Cd-OZ, Cd-0(5), and Cd-Cd indicate that a large portion of cadmium ions resides in these cube formations.
As in sample CDSE1, the presence of Cd-Se interactions in sample CDSE2 is evident from the EXAFS data. The bond distance of 2.61 A is close to the value for bulk CdSe (2.62 A). This significant Cd-Se and, vice versa, Se-Cd interaction (each detecting one scattering neighbor) cannot be accounted for by a cube geometry, because even partial substitution of oxygen with Se would result in a higher coordination number of cadmium detected by selenium. This indicates that a separate CdSe phase is present in this sample. The observed average coordination numbers may be interpreted as due to the presence of about 25% CdSe clusters (nearestneighbor coordination in CdSe: CdSe,, SeCd,). The remaining 75% cadmium is thus present in the Cd404 cube arrangement.
Fits on the selenium edge indicate a Se-Se scattering pair with a short bond length of 2.39 (2.37) A for both samples in varying amounts. This bond distance is characteristic for a metal-metal bond as in trigonal selenium (2.37 A), which forms helical chains.40
Similar chains were found in zeolites loaded with selenium vapor.I3 It is suggested that small amounts of these chains are present in the samples examined here. In sample CDSE2, which contains a higher relative amount of selenium, the coordination number of Se-Se is identical with the value expected for Se chains. Since only about 25% of the selenium is accounted for by formation of CdSe, the remnant is suggested to consist of helical selenium chains. Such chains may arise from partial oxidation of H2Se or Se2-species during sample synthesis or preparation for analysis. The EXAFS fit results are listed in Table I1 and are compared to calculated coordination numbers assuming the zeolite-encapsulated Cd/Se moieties discussed above. Good agreement between the models and fit results is obtained.
As reported previously, comparable results have been obtained for the structure of small clusters of cadmium sulfide within the Noncoordinated Extraframework Species. Am. Chem. SOC., Vol. 111. No. 7, 1989 2571 zeolite Y framework. Evidence from EXAFS and XRD analysis led to the conclusion that Cd4(0,S)4 cubes were formed inside the sodalite cages in samples with low cadmium loading. Samples of higher Cd content showed less Cd-Cd scattering and contained disrupted cubes.
J .
Cube or disrupted cube configurations have also been observed in related zeolite systems. Calligaris et aL4' investigated partially hydrated cadmium-exchanged X zeolites and found Cd2+ in SI' positions and H 2 0 in SII' sites. They proposed the existence of Cd4(0,)4 cubes within the sodalite units. The bond distances between Cd and zeolite oxygens (2.40 A) and between Cd and H 2 0 (2.36 A) closely resemble our results.
In calcium-exchanged zeolite Y (Ca2+ and Cd2+ are comparable in their ionic radii: 0.99/0.97 A), Costenoble et al.42 assumed the formation of Ca(OH),Ca species after dehydration at 423-623 K. The cations were located in SI' and the OH groups in adjacent SII' positions, screening the charge of the neighboring calcium ions. Again, comparable bond distances between calcium and zeolite oxygen were found ( R = 2.40 A).
The formation of Cd-Se ensembles in sodalite subunits must involve diffusion of H2Se from the supercage through zeolite six-ring windows with a typical pore opening of 2.6 A. The diameter of H,Se (2.34 A) clearly allows the diffusion to take place. The intrazeolite Cd-Se bond distance derived from this study is close to that of bulk CdSe and indicates some covalent character of these species. It is likely that HSe-fragments replace the original ( O ( 5 ) ) species in the precursor Cd@4 cube arrangement.
In conclusion, we have investigated the generation of CdSe molecular clusters using both EXAFS and high-resolution synchroton powder diffraction. The use of both techniques provides complementary structural information that is invaluable in these complex host-guest systems. Powder X-ray diffraction data give the average structure while EXAFS is a more local probe of environment. The structures can be explained by zeolite-stabilized, cube-like Cd404 clusters or Cd202Se fragments occupying the sodalite units and additional Cd02Se fragments at SI11 positions. Noncoordinated helical selenium chains and a small fraction of CdSe are formed primarily in the sample with a higher Se/Cd ratio.
